In a hot rolled Nb-Ti and a Nb-Ti-0.09%Mo micro-alloyed steel, the ratio of yield strength to tensile strength (YS/UTS) was found to be a function of the microstructure and cooling rate in those tests where no coiling simulation and no prior deformation. The coarse bainite or acicular ferrite, which was formed at high cooling rates, raised the YS/UTS ratio under these process conditions. With coiling simulation, the ratio was not sensitive to the cooling rate or the microstructure as coiling allows the recovery of dislocations, thereby decreasing the difference in dislocation density that had arisen between a low and a high cooling rate. Deformation with a 33% reduction below the nilrecrystallisation temperature (T nr ) prior to the transformation, led to a high YS/UTS ratio that ranged from 0.81 to 0.86. The prior deformation, therefore, had a stronger effect on the YS/UTS ratio than microstructural changes through cooling rate variations.
Introduction
The American Petroleum Institute (API) specifications for line pipe steels generally require a low YS/UTS ratio which is equivalent to a high work hardening rate. The lack of sufficient strain hardening in steels with a high YS/UTS ratio means that there is a reduced potential for strain redistribution in thinned areas (thinned by corrosion or weld dressing) during service while a high yield strength again is, of course, required for the transport of liquid or gas at higher pressures. The API specifies a YS/UTS ratio generally not greater than 0.93 for an application involving pipelines. This ratio is affected by the microstructure of the steel and an optimised microstructure (typically containing acicular ferrite [1] ) is, therefore, beneficial in achieving a lower YS/UTS ratio and is achieved by carefully controlling the hot rolling, cooling and coiling schedules. This ratio is also an important parameter in the development of higher grades of line pipe steels. Pontremoli et al. [2] have shown that there is a slightly higher volume fraction (about 7%) of the martensite/austenite (M/A) constituent with a higher finish rolling temperature and this provides a more rounded stress-strain curve and a higher strain-hardening rate. For instance, in a Nb-Ti micro-alloyed steel hot rolled at a finishing temperature of 720 °C these authors also found that the YS/UTS ratio was 0.69, whereas finishing at 780 °C the ratio was lowered to 0.65 while the volume fraction of the M/A constituent increased from 4.6 (at 720 °C) to 7.0%. In a complementary study to this one being reported here [3] on a Nb-Ti and a range of Nb-Ti-Mo micro-alloyed steels, it was found that acicular ferrite formation upon cooling from 980 °C at rates up to 43 °C s −1 , was only marginally promoted by molybdenum additions (up to 0.22%Mo) but was more strongly promoted by prior deformation of the austenite below the nil-recrystallisation temperature T nr , irrespective of the molybdenum content of the steel. In this work reported here, the study on the role of acicular ferrite was carried further on a molybdenum-free and a molybdenum containing Nb-Ti line pipe steel by establishing how the YS/UTS ratio is affected by cooling rates after hot rolling, by coiling temperatures and by prior deformation of the austenite below the nil-recrystallisation temperature T nr .
Experimental procedure
Two vacuum induction melted 50 kg casts (see Table 1 ) of low carbon Nb-Ti microalloyed steels without and with an 0.09% molybdenum addition, were hot rolled to 6 mm × 100 mm × 300 mm plates with the schedule shown in Fig. 1 . The nominal strain per pass ranged from 0.15 to 0.38 during roughing and 0.14 to 0.22 during finishing at a strain rate ranging from 1.67 to 4.07 and with interpass times of typically 16 s. The total strain was 1.97 (i.e. 86% reduction) in the hot rolling process which was carried out in a small to medium sized laboratory hot rolling mill equipped with 320 mm diameter rolls. NA: not analysed. Two types of tensile test samples were machined from these hot rolled plates: the first type A was rectangular in size of 6 mm × 10 mm × 100 mm and was used to study the effect of different cooling rates from 980 °C plus two subsequent coiling treatments at 575 and 600 °C, respectively, on the YS/UTS without further prior deformation after the initial hot rolling. The other type B, shown schematically in Fig. 2 , was used to study the effect of prior compression of the austenite below the T nr in a Gleeble 1500™ before cooling, from there the shorter gauge length that was wire-cut after deformation and cooling from the compressed 6 mm × 10 mm central section. for the 0.09%Mo alloy #3, shown in Fig. 3(a) . The second two groups of type A samples of the Mo-free alloy #6, were treated similarly but now with a 60 min coiling simulation at 575 or 600 °C, respectively, shown in Fig. 3(b) and (c). These process simulations were carried out in a Gleeble 1500™ compression tester but without applying any deformation. Finally the last group, which consisted of the miniature type B samples also from the Mo-free alloy #6, was also processed similarly in the Gleeble but now with one pass deformation of 0.2 true strain at 1050 °C which is above the T nr followed by two passes of 0.2 true strain each below the T nr at 900 and 860 °C, respectively, with a 10 s interpass time, before cooling at different rates followed by a coiling simulation at 575 °C for 60 min, Fig. 3(d) . The T nr for the Mofree alloy #6 at the strain rate of 1 s , an interpass time of 8 s and the 0.2 strains used here, had been found in the earlier work [4] to be 931 °C. Fig. 3 . Graph of the heating and cooling or deformation process on the Gleeble for (a) the Mo-free alloy #6 and the 0.09%Mo alloy #3 with different cooling rates; (b) the Mo-free alloy #6 with 60 min coiling at 600 °C; (c) the Mo-free alloy #6 with 60 min coiling at 575 °C and; (d) the Mo-free alloy #6 with a total of 33% prior reduction below the T nr .
After the simulation process, tensile test specimens were wire-cut and tested on an INSTRON-8500 Digital Control tensile testing machine for the type A specimens with an initial cross-head speed of 0.25 mm min −1 until an elongation of 0.5 mm was reached and then a second cross-head speed of 2 mm min −1 thereafter, while the much smaller type B specimens which had been process-simulated on the Gleeble, were also wire-cut according to Fig. 4 and tensile tested on a smaller instrumented Hounsfield tensile testing machine at a cross-head speed of 0.25 mm min −1 .
Fig. 4.
Wire-cut type B tensile test specimens (in mm) after compression and coiling simulation on the Gleeble. The 7 mm × 2.5 mm gauge length was located in the center of the formerly compressed section.
Cylindrical samples with a length of 15 mm and diameter 7 mm for the strain-affected continuous cooling transformation (CCT) tests, and a length of 8 mm with diameter 7 mm for the strain-free CCT tests, were machined from the Mo-free alloy #6. The dilatometric change in diameter or length during cooling at different rates in flowing helium or argon was measured by the C-strain facility on the Gleeble 1500™ hot simulator for the strainaffected CCT tests while a Theta Dilatometer was used for the strain-free CCT tests. In both cases the samples were solution treated at 1225 °C for 15 min, for the strain-free case cooled down to 980 °C at 5 °C s , while for the strain-affected CCT tests, they were cooled down to 860 °C at 10 °C s
and held for 5 min, then deformed at this temperature by a strain of 0.6 (equivalent to 45% reduction) at a rate of 0.5 s . CCT diagrams were finally constructed from a combination of the optical micrographs (and confirmed by replica and thin foil TEM) and the cooling dilatation curves.
Results

The effect of cooling rate
Generally the cooling rate after austenitisation and hot rolling affects the transformed microstructure in line pipe steels which results in different mechanical properties, such as yield strength (YS), ultimate tensile strength (UTS), elongation and impact toughness. To set a base-line, the two alloys #3 (0.09%Mo) and the Mo-free alloy #6 were selected first for studying the effect of cooling rate alone on the YS/UTS ratio. These specimens were from previously hot rolled and cooled plates which were re-austenitised at 1225 °C and cooled at different linear rates from 980 °C.
The effect of cooling rate on the yield strength, the ultimate tensile strength and their ratio of the Mo-free line pipe steel is shown in Fig. 5(a) . Both the yield strength and ultimate tensile strength increase with increasing cooling rate after soaking at 980 °C. The microstructures also changed with cooling rate with polygonal ferrite (PF) dominating at lower cooling rates, whereas acicular ferrite (AF) plus bainite dominated at high cooling rates (Fig. 5(b) -(e)), which increased the strength of the alloy. The yield strength, the ultimate tensile strength and the YS/UTS ratio of the Mo-free alloy #6 as a function of the cooling rate from 980 °C and, (b)-(e) the optical micrographs (etched in 2% Nital) with no prior deformation directly before the transformation and with no coiling simulation. PF-polygonal ferrite, AF-acicular ferrite, P-pearlite and B-bainite.
As may be seen in Fig. 5(a) , it appears that the ratio of YS/UTS increases somewhat with increasing cooling rate under conditions of no deformation directly prior to the transformation and no coiling simulation. The CCT diagram for this alloy in Fig. 6 shows that the volume fraction of polygonal ferrite decreases with increasing cooling rate, while that of acicular ferrite increases again inversely, i.e. the PF/AF or PF/B volume ratio decreases with increasing cooling rate while the YS/UTS in turn increases slightly. This suggests that the dominant phase of acicular ferrite upon rapid cooling, improves the yield strength more than the ultimate tensile strength of these steels under conditions of no prior deformation. Furthermore, the ferrite grain size of the steel will also be finer with increasing cooling rate [5] , leading to an improvement in the yield strength. A high density of dislocations and other crystal defects would also have been introduced by acicular ferrite or bainite formation due to their displacive formation mechanisms [6] , [7] and [8] . These defects in acicular ferrite will delay the onset of plastic deformation during load application, providing a higher yield strength. At lower cooling rates, however, the dominant polygonal ferrite and pearlite have a lower dislocations content [3] , leading to a lower yield strength as well as a lower YS/UTS. Through appropriate tilting of the thin foil in transmission electron microscope it was observed that a high density of dislocations was present in the 0.09%Mo alloy #3 without direct deformation and without coiling after a cooling rate of 40 °C s −1 from 980 °C, Fig.  7 . These microstructural defects will interact with other dislocations during early plastic straining in the tensile test, leading to a higher yield strength. Therefore, it appears that a finer grain size and a high density of microstructural dislocations after rapid cooling from austenite tend to raise the YS, thereby increasing the YS/UTS ratio with increasing cooling rate. It is, therefore, concluded that increased volume fractions of acicular ferrite do not lower the YS/UTS ratio of Nb-Ti or Nb-Ti-Mo micro-alloyed line pipe steel in the condition of undeformed austenite prior to the phase transformation and no simulated coiling. Where no prior deformation of the austenite but coiling at 600 °C for 1 h after rapid cooling from 980 °C was applied, however, as in Fig. 7(c) , the dislocation content by tilting of the thin foil, appeared to be noticeably lower than in the case where no coiling had been applied. This confirmed that a dislocation annealing process is underway at typical coiling times and temperatures which leads to a lower YS and hence also a lower YS/UTS. from 980 °C to room temperature without any deformation directly prior to cooling and no simulation of coiling, and (c) ferrite laths under conditions of no deformation directly prior to the transformation but with a coiling simulation at 600 °C for 1 h after cooling from 980 to 600 °C at a rate of 47 °C s
A similar result (see Fig. 8(a) ) between YS, UTS, YS/UTS and the cooling rate was obtained for the 0.09%Mo alloy #3 after the same treatment as above for the Mo-free alloy #6. The YS/UTS ratio in the 0.09%Mo alloy #3, however, was not affected to the same degree by the cooling rate as was the case in the Mo-free alloy, compare Fig. 8 and Fig. 5 . Both of the alloys had very similar YS/UTS ratios of about 0.84 or 0.85 at high cooling rates but the Mo-free alloy had noticeably lower ratios at low cooling rates than the 0.09%Mo alloy. The microstructures of the samples treated at varying cooling rates are illustrated in Fig. 8(b) -(e) with bainite becoming more dominant with increasing cooling rate. 
The effect of coiling temperature
Two sets of hot rolled specimens were re-austenitised at 980 °C with no prior direct deformation, and cooled at different rates to coiling simulations at 575 and 600 °C for 1 h, respectively. The results for alloy #6 are given in Fig. 9 for the coiling temperature of 600 °C. It seems that the cooling rate during transformation followed by coiling at 600 °C does not affect the yield strength and ultimate tensile strength of this alloy to the same extent as the case where no coiling simulation was done after transformation. The ratio of YS/UTS was also not a function of the cooling rate, remaining almost constant in the range from 0.76 to 0.78. This is likely due to the annealing out of the dislocation structure during the coiling simulation process that had originally arisen from the displacive transformations of acicular ferrite or bainite. Acicular ferrite laths with a higher/lower density dislocation are presented in Fig. 7(a) and (c) , respectively. Through tilting of the thin foil it was observed that there was a higher density of dislocations in the laths in the case of no coiling and no prior deformation after cooling, but a lower one with a coiling simulation at 600 °C for the 0.03%Mo alloy #3. 
The effect of prior deformation in the austenite
This group of type B specimens was subjected to a compression deformation in the austenite region directly prior to transformation with a two pass total reduction of 0.4 true strain (equivalent to a total reduction of 33%) below the T nr , before cooling at different rates through the transformation to ferrite from 860 to 575 °C and then applying a coiling simulation at 575 °C for 1 h. In the earlier work [3] the enhancement of AF formation in line pipe steels by molybdenum additions has also been found to be relatively modest in the case of no prior deformation of the austenite. This relatively small enhancement from molybdenum appeared to be related purely to an increase in hardenability, with molybdenum additions to low alloy steels being more potent than most other alloying elements in Grossmann hardenability calculations. In the case of prior deformation to the transformation, however, the high density of dislocations in the deformed austenite appears to offer an even higher driving force for the formation of AF than that from molybdenum additions or faster cooling rates only. The retained strain energy [9] in the austenite with a high dislocation content contributes to a further mechanical driving force [10] for AF nucleation [11] in addition to the normal chemical driving force. It had been shown that such a deformation prior to the transformation is far more effective in increasing the fraction of the AF phase than both Mo-additions and increasing the cooling rate [3] . The tensile test results and optical microstructures are shown in Fig. 11 with the yield strength and ultimate tensile strength affected by the cooling rate but with little effect on the YS/UTS ratio. Fig. 11. (a) Effect of the cooling rate on the yield strength, ultimate tensile strength and the YS/UTS ratio and, (b) and (c) the SEM micrographs (etched in 2% Nital) of alloy #6 after a total deformation of 33% reduction of the austenite below the T nr prior to cooling to 575 °C at different cooling rates, followed by simulation of the coiling process at 575 °C for 1 h. PF-polygonal ferrite, AF-acicular ferrite, P-pearlite and B-bainite.
Discussion
Comparing the two cases, in the first case without any direct prior deformation (Fig. 10) , a high cooling rate introduces a heavily dislocated microstructure from the acicular ferrite or bainite micro-constituents which undergo displacive transformations from the austenite, leading to a relatively strong effect of increasing cooling rate in raising the YS, UTS as well as the ratio YS/UTS. This microstructural effect is, however, sharply diminished thereafter during a 60 min coiling simulation at either 575 or 600 °C through a recovery process of dislocation annealing and rearrangement. This makes the tensile properties after coiling less sensitive to the cooling rate during the transformation to ferrite for a treatment with coiling than one without coiling. This may lead one to conclude that the often believed beneficial effects of bainitic and acicular ferritic microconstituents in line-pipe steels may not necessarily lie per se in their microstructural presence but rather in their associated dislocation structures.
In the case of a total prior deformation of 0.4 true strain (33% reduction) of the austenite below the T nr directly before the transformation (Fig. 11) , the dislocations introduced from the deformation do not necessarily "survive" the phase transformation to acicular ferrite [3] but the deformation does induce a finer and dislocated "pan caked" austenite grain size before transformation that will provide a high nucleation rate of the acicular ferrite during the transformation [3] , leading to a finer ferrite grain size. The yield strength is sensitive to ferrite grain size [12] and [13] through the Hall-Petch relationship, whereas the ultimate tensile strength is not as sensitive to the grain size [12] . All of these can increase the obstacles for the commencement of plastic deformation and will result in a higher yield strength of the steel, thereby raising the YS/UTS ratios again to levels of 0.84-0.86 if compared to the lower levels of 0.76-0.77 where only coiling but no prior deformation had been applied.
As can be seen in Fig. 12 , the PF decreases while the AF increases with increasing cooling rate after a total compression strain of 0.6 below the T nr at 860 °C at a strain rate of 0.5 s −1 , i.e. the PF/AF volume ratio reduces with an increase in cooling rate, very similarly as for the case of no direct deformation prior to the transformation (see Fig. 6 ). The YS/UTS ratio, however, in the case of total prior deformation of 33% reduction in the austenite below the T nr , is higher but remains level for all cooling rates (Fig. 11) if compared to the case without any prior deformation to the transformation (Fig. 10) . The YS/UTS ratio, therefore, is sensitive to the PF/AF volume ratio under conditions of no prior deformation to the transformation, but not within a prior deformed austenite. . PF-polygonal ferrite, P-pearlite and AF-acicular ferrite.
The results of the YS/UTS ratios were placed on one single figure (Fig. 13 ) for comparative purposes with other parameters, i.e. cooling rate, coiling temperature and deformation. It can be concluded from this figure that coiling simulation at 575 and 600 °C can lower the YS/UTS ratio below 0.8 (comparing curves A and B to C and D in Fig. 13 ) because dislocations that arise from high cooling rates are annealed out during coiling. The coiling simulation, therefore, reduces the slight increase in YS/UTS caused by cooling rate increases in both alloys by "flattening" curves A and B to curves C and D, but does not have the same effect after prior deformation below the T nr . The prior deformation in austenite increased the ratio with all cooling rates ranging from 1 to 34 °C s −1
(curve E). This means that the coiling process appears to be effective in annealing out transformation-induced dislocations in moderate levels of AF but is ineffective in annealing out all of the dislocations in the much larger volumes of AF formed by the deformation-induced AF when the austenite is deformed below the T nr . The effect of a prior deformation in austenite below the T nr on the YS/UTS ratio, therefore, overrides the effect of cooling rate only, an observation that was also made on the effects of cooling rate, %Mo and prior deformation on the final micro-constituent composition of these steels [3] . Fig. 13 . Comparing the effect of the cooling rate on the YS/UTS ratio with different thermo-mechanical treatments for samples without prior deformation and coiling simulation (curves A and B for alloys #6 and #3), with coiling simulation at 600 and 575 °C and no prior deformation (curves C and D for alloy #6) and 33% reduction below the T nr and coiling simulation at 575 °C (curve E for alloy #6).
Conclusions
• The YS/UTS ratio in a Mo-free alloy with 0.066%C, 0.037%Nb and 0.017%Ti with no prior deformation and no simulated coiling was found to be only sensitive to cooling rate from 980 °C, i.e. to the transformed microstructures.
• In the case of no prior deformation in the austenite and no coiling simulation, an 0.09%Mo addition to the Nb-Ti line pipe steel appears to increase the YS/UTS ratio above that of a Mo-free steel at low cooling rates but this effect disappears at high cooling rates where no difference between the two steels is evident.
• Varying the coiling temperature between 575 and 600 °C did not affect the YS/UTS ratio but coiling in general diminishes the effect of cooling rate on this ratio, most likely through annealing of the high dislocation content of AF in the microstructure.
• The often stated beneficial effect of AF in lowering the YS/UTS ratio must, therefore, be approached with some caution as these observations are invariably based on tests where no coiling had been performed.
• A prior deformation of 33% below the T nr in the austenite followed by cooling at rates between 1 and 34 °C s and then coiling at 575 °C strongly increases the YS/UTS ratio to levels between 0.81 and 0.86 at all cooling rates and overshadows the effects of microstructure or cooling rate on this ratio.
